Lithium metal electrodes are not widely used in rechargeable batteries as dendritic lithium growth and electrolyte reactions raise serious stability and safety concerns. In this study, we show that reproducible two-dimensional lithium deposition can be realized using a lithium salt concentration of 0.020 M, an added supporting salt, and a short lithium nucleation pulse. This approach, which is common in electrodeposition of metals, increases the lithium nuclei density on the electrode surface and decreases the extent of Li + migration favoring dendritic lithium growth. Contrary to common belief, ascribing the dendrite problem to heterogeneous lithium nucleation due to an unstable solid electrolyte interphase layer, we show that the main lithium deposition problem stems from the difficulty to obtain two-dimensional deposition at the low lithium deposition overpotentials encountered in conventional high-lithium concentration electrolytes. The present results hence clearly demonstrate that twodimensional lithium deposition can be realized in lithium-metal-based batteries.
Introduction
The prospect of using lithium metal anodes in rechargeable batteries has allured the scientific community for several decades even though it was early realized that lithium electrodes are not sufficiently stable during normal battery cycling [1] [2] [3] [4] [5] . While the lithium electrodes have been replaced by more reliable intercalation-based graphite anodes, there is currently a large interest in lithium electrodes much due to the development of lithiumsulfur and lithium-oxygen batteries [1] [2] [3] . When lithium electrodes are cycled, dendrites and so called mossy lithium are generally formed [1] [2] [3] [4] [5] [6] [7] leading to gradual capacity losses or even internal short circuits. Lithium electrodes also react with organic solvents to yield solid-electrolyte interphase (SEI) layers [8, 9] , the instability of which is often assumed to cause the dendrite problem. As charge is irreversibly consumed in the SEI formation process, low coulombic efficiencies are also often obtained, particularly when the electrode area increases due to mossy lithium or dendrite formation.
To minimize the dendrite problem, four main approaches have so far been explored involving: (1) additions of salts, solvents, and additives to the electrolyte to improve the SEI layer; (2) solid/polymer electrolytes; (3) electrodes with large surface areas decreasing the current densities; (4) alkali metal ions (e.g., Cs + and Rb + ) preventing Li + from reaching the dendrites electrostatically. These and some additional approaches, e.g., involving the use of a significant increased lithium ion concentration [10] [11] [12] , have been extensively discussed in several recent reviews [1] [2] [3] [4] [5] [6] [7] . An interesting and significantly less pursued approach involves direct electrochemical control of the lithium nucleation and growth processes [13] . Herein, we focus on the possibility of attaining twodimensional lithium deposition by employing a low lithium ion concentration, a supporting salt and an initial nucleation pulse designed to rapidly form a multitude of equally sized lithium nuclei. Our hypothesis is that the dendrite problem stems from the low overpotentials and hence low nuclei densiDendrite-free lithium electrode cycling via controlled nucleation in low LiPF 6 concentration electrolytes ties typically obtained for lithium electrodes under normal battery cycling conditions. In a 1.0 M lithium salt, the potential of the lithium electrode typically remains close to its equilibrium potential due to the high redox buffer capacity [14] . While this is a commonly exploited advantage when using lithium counter electrodes, only relatively few lithium nuclei are formed on the lithium electrodes as the nuclei density depends strongly on the overpotential [13, [15] [16] [17] . The low nuclei density increases the risk of dendrite formation, especially in the presence of significant Li + migration.
To test our hypothesis, we employ a combination of (i) scanning electron microscopy (SEM) analyses of lithium electrodes cycled in electrolytes containing different concentrations of lithium hexafluorophosphate (LiPF 6 ) in 1:1 ethyl carbonate (EC): diethyl carbonate (DEC) in the presence and absence of 1.0 M tetrabutylammonium hexafluorophosphate (TBAPF 6 ), (ii) studies of the electrochemical performance of symmetric lithium cells, and (iii) X-ray photoelectron spectroscopy investigations (XPS) of the cycled electrodes. The results demonstrate, for the very first time, that high lithium nuclei densities can be obtained using a 10-ms long nucleation pulse and a 0.020 M LiPF 6 concentration and that subsequent two-dimensional lithium deposition can be obtained under diffusion-controlled conditions in the presence of a supporting salt taking care of the migration in the electrolyte.
Results and discussion
As significant overpotentials are needed to generate high nuclei densities [13, [15] [16] [17] , two-dimensional deposition is unlikely under conventional battery cycling conditions (see Section 2 in the Supporting Material). This is also supported by literature data [1] [2] [3] [4] [5] [6] [7] clearly demonstrating that mossy lithium and dendrites typically are obtained in 1.0 M lithium salt electrolytes. The new idea here is therefore to use of a lower lithium ion concentration, a supporting salt and a nucleation pulse to obtain twodimensional lithium deposition.
Although a lithium salt concentration of 1.0 M commonly is used in lithium batteries there are no fundamental problems associated with the use of, e.g., a 0.020 M LiPF 6 solution. The conductivity decrease is small and the amount of lithium ions needed to carry the current is still more than enough at a current density of 1.0 mA/cm 2 (see Sections 1, 2 and 11 in the Supporting Material) while a correspondingly higher lithium concentration would need to be used for a higher current density. Herein we compare the lithium electrode morphologies after lithium deposition (i.e., Li + + e À = Li) and oxidation (Li = Li + + e À ) employing a charge of 1.9 C in 1.0 M LiPF 6 ("High [Li + ]") and 0.020 M LiPF 6 + 1.0 M TBAPF 6 ("Low [Li + ]"), respectively. SEM images of the pristine lithium surface are shown in Fig. S1 in Section 3 in the Supporting Material. Note especially that the micrographs were obtained without exposing the lithium electrodes to air. TBAPF 6 was used as a supporting salt to decrease the influence of Li + migration to ensure that the lithium deposition mainly is diffusion controlled and to increase the conductivity of the electrolyte (see Section 2 in the Supporting Material). An electrochemical nucleation pulse (À6 V vs. Li + /Li, 10 ms) was included to ensure a rapid formation of a multitude of similarly sized lithium nuclei prior to either constant or pulsed current deposition (see Fig. 1 ). The generated nuclei were then allowed to grow under diffusion-controlled conditions. The latter will be referred to as instantaneous nucleation while a continuous formation of nuclei during the deposition step will be referred to as progressive nucleation [13, 16, 17] . During the nucleation pulse, the lithium surface concentration decreases significantly predominantly in the Low [Li + ] electrolyte and a 100-ms pause was therefore used to restore the Li + surface concentration prior to the deposition step.
With the High [Li + ] electrolyte, a surface partially covered with more than 50-mm large porous lithium islands (often denoted 'mossy lithium') was obtained both with constant current and pulsed current deposition (see Fig. 1a and c) . During the subsequent oxidation step, the morphologies of these porous lithium islands changed and hemispherical pits with sizes ranging from 50 mm to a few lm in diameter (see Fig. 1b and d) were formed. This shows that two-dimensional lithium deposition does not take place in the High [Li + ] electrolyte. It is also evident that the oxidation of the deposited lithium was incomplete as porous lithium islands were still present after the oxidation step. These findings are in very good agreement with the results generally seen for conventional Li + electrolytes [1] [2] [3] [4] [5] [6] [7] 18] .
With the Low [Li + ] electrolyte, the deposition behavior was different as the electrode surface now was covered by a smooth planar lithium film (see Fig. 1e and g ). As there were no signs of any porous lithium islands, the lithium deposition process was clearly more two-dimensional in the Low [Li + ] than in the High [Li + ] electrolyte. The results also indicated that an even more planar lithium deposit was obtained when employing pulsed rather than constant current deposition in good agreement with previous findings [19, 20] . As very few small pits could be seen after the first oxidation (see Fig. 1f and h) it also appeared as if the deposited lithium could be oxidized to a larger extent in the Low [Li + ] electrolyte. This is very important as an inability to fully oxidize the deposited lithium leads to the formation of pits, which then can serve as preferential lithium deposition sites [18, [21] [22] [23] . The results therefore indicate that two-dimensional lithium deposition can be realized using the Low [Li + ] electrolyte, most likely as a much larger number of lithium nuclei is formed during the nucleation pulse in this electrolyte. As demonstrated in Sections 5 and 6 in the Supporting Material, the nucleation pulse approach was, however, not equally successful when the lithium surface was oxidized prior to the lithium deposition step, most likely due to preferential deposition in the pits formed during oxidation. When cycling the cells, it thus appears as if it is essential that no pits are formed during the oxidation steps. While the use of the Low [Li + ] electrolyte clearly lowers the tendency for pit formation, it does not completely eliminate this problem (see Figs. 1h and 5d ). However, since a smooth planar lithium film clearly was obtained with the Low [Li + ] electrolyte, it is reasonable to assume that a complete elimination of the pits may in fact not be necessary. This could be a result of the low degree of Li-ion migration in the Low [Li + ] system which should reduce the risk of 3D growth in and around the formed pits (see Fig. 5d ).
While the influence of the electrolyte composition on the morphology of the lithium deposits clearly can be seen in Fig. 1 , the differences between the chronopotentiograms were ] electrolyte (see Fig. 2a and b ). As such potential increases indicate the formation of pits [18, 23] , the oxidation of the deposited lithium was hence more straightforward in the Low [Li + ] electrolyte. This is in good agreement with the general absence of pits in the Low [Li + ] electrolyte SEM images. Furthermore, whereas signs of progressive nucleation (favoring threedimensional growth) were observed for the High [Li + ] electrolyte during the pulsed current deposition, steady-state deposition was seen for the Low [Li + ] electrolyte. These results hence indicate that the deposition conditions were more constant during the deposition pulse in the Low [Li + ] electrolyte. The behavior seen for the High [Li + ] is in good agreement with the porous mossy lithium deposits observed in the SEM (see Fig. 1 ). As the SEM images provide more detailed information about the deposition processes than the chronopotentiograms, the discussions will mainly be based on SEM images of electrodes cycled under different experimental conditions.
The hypothesis that a low lithium ion concentration favors two-dimensional lithium deposition on pristine lithium surfaces is further supported by the results obtained in a 0.010 M LiPF 6 electrolyte not containing TBAPF 6 (see Section 7 in the Supporting Material). As seen in Fig. S5 , a more uniform distribution of lithium crystals was obtained with a 0.010 M LiPF 6 electrolyte than with 0.1 and 1.0 M LiPF 6 electrolytes. The data consequently indicate that mossy lithium and lithium dendrite formation can be suppressed merely by decreasing the LiPF 6 concentration. Using a LiPF 6 concentration of 0.010 M, the Li + surface concentration should practically drop to zero during the 10-ms long nucleation pulse (À6 V vs. Li + /Li) and the significant concentration overpotential should give rise to a multitude of similarly sized nuclei. For a high LiPF 6 concentration, the overpotential is, on the other hand, small which yields few nuclei and an increased risk of three-dimensional lithium deposition. The Low [Li + ] electrolyte behavior presented in Fig. 1 Lithium morphologies after the first cycle. Top-view SEM images of the lithium deposits after the first deposition (a, c, e, g) and oxidation (b, d, f, h) steps in 1.0 M LiPF 6 (a-d) and 0.020 M LiPF 6 + 1.0 M TBAPF 6 (e-h), respectively. The deposition and oxidation charges were 1.9 C and a nucleation pulse (À6 V vs. Li + / Li, 10 ms), followed by a 100-ms pause, was used prior to constant current (a and e) or pulsed current (c and g) lithium deposition. The deposition and oxidation current density was 1.0 mA/cm 2 and the pulsed deposition was based on a series of 5-ms long deposition steps followed by a 25-ms long zero current periods as illustrated in the schematic center figures. The lower SEM images depict magnifications of the regions indicated in the upper SEM images. SEM analysis was performed with inert atmosphere sample transfer between the glove box and SEM vacuum system.
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also benefitted from the decreased influence of Li + migration due to the presence of the TBA + since migration can be expected to facilitate dendrite growth due to the increased electric field strength in the vicinity of the dendrites (see Section 2 in the Supporting Material). The supporting salt likewise decreased the resistance of the Low [Li + ] electrolyte although this effect was marginal as the resistances were found to be 5.4 and 6.2 X for the High [Li + ] and Low [Li + ] electrolytes, respectively (see Section 11 in the Supporting Material). This incidentally means that there was no significant difference between the conductivities of the High [Li + ] and Low [Li + ] electrolytes. At this point it should be mentioned that while our electrodeposition-based approach indicates that the attainment of two-dimensional lithium deposition is favored by the use of a low lithium ion concentration, there are other reports [10] [11] [12] (focusing on the stability of the SEI layer) indicating that the use of Li-ion concentrations higher than 1.0 M likewise favor dendrite-free Li deposition. This is interesting as it implies that the Li deposition problem may be solved either by decreasing or increasing the lithium-ion concentration with respect to the 1.0 M typically employed.
The main purpose of the present approach involving a low lithium ion concentration, a nucleation pulse and a subsequent pause is to ensure the formation of a multitude of evenly sized lithium nuclei and instantaneous lithium nucleation during the deposition step (see Sections 2 and 10 in the Supporting Material). As indicated above, the nucleation pulse is, however, only effective at low lithium ion concentrations. In Fig. 3 , the influence of the nucleation step on the morphology of the deposit is demonstrated for the Low [Li + ] electrolyte using galvanostatic deposition (1.0 mA/cm 2 ) with (i) no nucleation step; (ii) potentiostatic nucleation (À6 V vs. Li + /Li for 10 ms) prior to the galvanostatic deposition step and (iii) potentiostatic nucleation (À6 V vs. Li + /Li for 10 ms) followed by a 100-ms pause prior to the galvanostatic deposition step. In the absence of the nucleation pulse, dendritic lithium clusters covering a large portion of the substrate were obtained (see Fig. 3a ) whereas a lithium film was obtained with the nucleation pulse (see Fig. 3b ). Even better results were obtained with a pause between the nucleation and the deposition steps (see Fig. 3c and Section 8 in the Supporting Material). Comparisons with the pristine lithium substrate images (see Section 3 in the Supporting Material) indicated preferential growth on the ridges of the lithium substrate and a roughening of the lithium surface (see the inset of Fig. 3c) . The results hence indicate that it is important to employ a nucleation pulse and to restore the Li + concentration prior to the deposition step (see the schematic illustrations in the insets of Fig. 3 ). In the Low [Li + ] electrolyte, where the Li + surface concentration practically drops to zero during the nucleation pulse, additional nuclei may form during the deposition step in the absence of the pause. With a pause, the surface concentration is restored and during the deposition step mainly the nuclei formed during the nucleation step grow. It was also found (see Sections 9 and 10 in the Supporting Material) that a À6 V nucleation pulse yielded a sufficiently high lithium nuclei density and that the nucleation pulse should be kept as short as possible to decrease the risk of progressive nucleation. In a real battery, the nucleation pulse and pause period (which only should be used once as is described in more detail below) could be included in the pre-cycling routines. Note also that as the charge involved in the nucleation pulse is very small (e.g., 0.028 mAh/cm 2 , see Section 7 in the Supporting Material), the approach should be compatible with most cathode materials.
Using XPS, the SEI layers obtained in the High [Li + ] and Low [Li + ] electrolytes were found to be very similar and composed of the expected [5, 24, 25] species (see Fig. 2d ). As is discussed in more detail in Section 12 in the Supporting Material, the main differences were that the Low [Li + ] electrolyte C1s spectra featured a somewhat higher carbon content, the F1s spectra were dominated by PF 6 -rather than LiF and that TBA peaks could be seen in the N1s spectra (note, however, that the nitrogen surface concentration was <1%). This indicates that the different nucleation behaviors seen in the High [Li + ] and Low [Li + ] electrolytes were very unlikely to be due to SEI effects.
It is consequently reasonable to assume that the different deposition behaviors reflect the different lithium deposition conditions in the two electrolytes, schematically illustrated in Fig. 4 (see also Sections 1 and 2 in the Supporting Material). In the High [Li + ] electrolyte, a relatively small number of nuclei is formed (with or without the nucleation pulse) as the lithium electrode is operating close to its equilibrium potential. The lithium mass transport is due to both diffusion and migration as the Li + transference number is about 0.4 for LiPF 6 [26] . Since the growth of the few nuclei is facilitated by Li + migration, dendrites and mossy lithium are readily formed. In the Low [Li + ] electrolyte, Li + migration is essentially absent and when a short nucleation pulse and a subsequent pause are used, the deposition should involve diffusion-controlled growth of the many nuclei formed during the nucleation pulse. Additional nucleation during the deposition step is unlikely due to the large number of nuclei already present on the electrode surface. 
Another, somewhat unexpected, problem with lithium deposition in the High [Li + ] electrolyte is the long time needed to reach steady-state deposition conditions. As shown by Monroe and Newman [27] , this time is linked to the time needed to obtain an overlap of the diffusion layers. At steady state, the lithium ion concentration increases linearly from zero at the cathode to two times the average electrolyte concentration (i.e. ] electrolyte (see Section 13 in the Supporting Material). Although this could give rise to precipitation of LiPF 6 at the anode, no such indications were found in the present study.
To further evaluate the Low [Li + ] approach, the morphologies of electrodes cycled for 100 cycles in the High [Li + ] and Low [Li + ] electrolytes were studied (see Fig. 5 and Section 14 in the Supporting Material). The lithium deposition (1.0 mA/cm 2 , 1.9 C) was performed both using constant current and pulsed current, and a nucleation pulse followed by a pause was used, but only on the very first cycle, in both electrolytes. Note that in this work, the terms porous and dense lithium are used to denote a complicated network of interwoven lithium nanowires (i.e., porous lithium) and a dense lithium layer indistinguishable from the original lithium metal substrate (i.e., dense lithium), respectively. After 100 constant current cycles in the High [Li + ] electrolyte, the 100-lm-thick lithium electrode had been converted into a 135-mm-thick porous mossy lithium layer, partially separated from the remainder of the lithium electrode (see Fig. 5a ). Such porous layers have recently been shown [23] to give rise to significant Li + mass transport limitations. Moreover, large fractions of porous lithium also delaminated during the post mortem washing of the electrode. Although pulsed galvanostatic deposition cycling gave rise to a slightly denser lithium electrode, the surface was still covered by a thick layer of porous mossy lithium (see Fig. 5b ).
With the Low [Li + ] electrolyte, no porous layers were found even after 100 cycles indicating that the densities of the lithium films were higher than for the films seen with the High [Li + ] electrolyte (see Fig. 5c and d ). With constant current deposition, a three-dimensional landscape with 'hills' and 'valleys' was observed with smooth surfaces on the 'hills' and sporadic lithium dendrites in the 'valleys'. For pulsed galvanostatic deposition, a similar landscape was found but the number of 'hills' was now higher and the electrode also appeared denser. In essence, this indicates that the lithium electrode retained its dense bulk properties with an average thickness close to the pristine value of 100 mm. A comparison of the plots of the cell voltage as a function of the cycle time (see Fig. 5e and f) also demonstrated that the cell voltage variations were much smaller in the Low [Li + ] than in the High [Li + ] electrolyte case, particularly with pulsed deposition.
Experiments were also carried out with a nucleation pulse on every cycle (see Section 13 in the Supporting Material). In this case, porous mossy lithium layers were, however, formed on the electrode surface even with the Low [Li + ] electrolyte. The latter indicates that repeated nucleation facilitates progressive nucleation in a similar way as observed for long nucleation pulses (see Section 10 in the Supporting Material).
The higher lithium film density obtained with the Low [Li + ] electrolyte can be explained by the larger influence of twodimensional lithium deposition, whereas the denser lithium deposits obtained with pulsed deposition can be explained using the schematic illustrations in Fig. 5g and h. During constant current deposition, the lithium deposition inside the pits and pores becomes limited by the decreased mass transport rate in these regions [15, 28] . This problem can be decreased with the pulsed deposition approach in which lithium ions are allowed to diffuse into the pits and pores prior to each deposition pulse as this yields a more constant cell voltage and also a lithium deposit more similar to the pristine lithium electrode. The latter is very important as this is the key to the attainment of wellfunctioning lithium metal electrodes.
Conclusions
It has been demonstrated that dendrite-free lithium battery cycling can be obtained merely by using a decreased lithium salt concentration and a nucleation pulse thus generating a large number of lithium nuclei. The two-dimensional growth of the formed lithium nuclei is also favored by pulsed galvanostatic deposition. Although the deposition approach (which together with a real battery could be included in the pre-cycling process) is based on a low lithium concentration in combination with a nucleation pulse and a supporting electrolyte, it is clear that the use of a low lithium concentration is the most important parameter. The low lithium concentration provides the possibility to obtain a large overpotential during the nucleation pulse, which enables the formation of a large number of similarly sized nuclei while also enabling the elimination of the migration of the lithium ions via the introduction of the supporting electrolyte. The results also show that dendrite-free lithium batteries are unlikely to be realized using conventional experimental conditions (i.e., an LP40 electrolyte). Based on fundamental electrochemical theory, this can be explained by the fact that only a limited amount of lithium nuclei would be expected to form under such conditions due to the high redox buffer capacity of a lithium electrode in a 1.0 M LiPF 6 electrolyte. Reproducible two-dimensional lithium deposition can, however, be obtained using the described electrochemical procedure even during extended cycling using a current density of 1 mA/cm 2 . Due to the lower surface area of the two-dimensionally deposited lithium compared to that of the porous lithium typically obtained, the charge associated with the formation of the SEI layer can also be expected to be decreased significantly. For a real battery, the latter would be expected to give rise to increased coulombic efficiencies. As the proposed two-dimensional lithium deposition strategy readily may be adapted for use in a real battery this approach holds significant promise regarding the development of stable metallic lithium anodes for rechargeable batteries.
